ABSTRACT
F b - turbulent coefficient exchange ratio K # m /K b [-] F T - turbulent coefficient exchange ratio K # m /K # T [-] 8 - friction coefficient in tubes [-] : - dynamic viscosity [Pa s ] < - kinematic viscosity [m 2 /s] D - density [kg/m 3 ]
Introduction
Most non-Darcian studies are based on a model summarized by the equation where b is a constant, determined either experimentally or analytically, and U is the Darcian velocity. In recent years many studies have been performed using the Brinkman-Forchheimer momentum equation models (David et al., 1991; Kladias and Prasad, 1990; Georgiadis and Catton, 1987a; and others) . David et al., (1991) , using a porosity function m( v x ), write where whereas Kladias and Prasad (1990) allege that the same governing momentum equation should be where Excluding discrepancies connected with the free convection term, we see that some other terms also differ. Only in the most recent literature has the nonuniformity of the porosity function been treated by keeping it within differential signs. In Hayes' (1990) work, we find Hayes refers to an article by Du Plessis and Masliyah (1988) , where a "new mathematical model is proposed for timeindependent laminar flow through a rigid isotropic and consolidated porous medium of spatially varying porosity." Despite the importance of transition and clear turbulence motion in porous media, not much work could be found. In work by Ward (1964) , (5) (6) experimental results based on a Fanning friction factor were obtained, where the Reynolds number for porous media is defined as It can be seen that f k 6 0.55 for large R k . The view exists that one may use equation (2) or (3) without the quadratic term while modeling a dual porous structure. This choice has no rigorous substantiation.
If the energy equation is written with the assumption that, the fluid and solid are homogenized, as is done in most past work, then If the energy equation contains the effective thermal diffusivity a e , then it has two components where Experimental investigation of heat transfer from a wall with the constant temperature in highly porous media 0.94<=m 0 <=0.97, was performed by Hunt and Tien (1988a,b) . Nield (1991) expressed some doubts about the terms in the final form of the averaged momentum equation. Slow laminar flow and heat transfer through a porous flat channel with isothermal boundaries were considered in the research of Kaviany (1985) . The solution of the equations used by Kaviany, close to those used by Vafai and Tien (1981) , showed the influence a porous medium morphology parameter (= (h 2 m 0 /K) 1/2 . In the work by Vafai and Thiyagaraja (1987) the effects of flow and heat transfer near an interface region between two porous media, porous medium and fluid region and near solid wall were investigated employing the governing equations with constant porosities. Influence of three parameters on heat and laminar momentum transport in two-dimensional porous medium have been studied in the work by Vafai and Sozen (1990) . Namely there were parameters of particle Reynolds number Re p , Darcy number Da, and the ratio of the solid to vapor phase diffusivities. There was found that Da number is the most important factor in determining the assumption of local thermal equilibrium.
There is a noticeable lack of experimental measurements of the real characteristics inside the porous medium. The absence of appropriate experimental methods has been the explanation. A promising article was recently published by Georgiadis et al. (1991) . The article contains very interesting figures with the averaged structure, shown in small scale details, of porosity and velocity functions across a tube containing a packed bed. Unfortunately, the paper does not contain the needed details of the experiment such as the local Reynolds number, the distribution of specific surface, and descriptions of the porous medium inner channels, which could be, and most likely will be established by exploiting the experimental technique.
It is our view that more attention should be focused on the theoretical development needed to understand turbulent flow and heat and mass transfer exchange in the channels of complex configurations with various wall roughness, and consequently, on well described structures of porous media, since there are very few physically substantiated and fully developed theories.
Development of Turbulent Transport Models in Highly Porous Media
Let us assume that the obstacles in a globular porous medium structure and the channels between them are arranged randomly. A regular arrangement of obstacles is far more easily studied than a randomly nonhomogeneous one. The former has all of the merits of a canonical model which is suitable both for comparison with experiment and exact solutions as well as for treating conducting boundary transitions in the course of simulation of a process.
Derivation of the equations of turbulent flow and diffusion for a highly porous medium during the filtration mode is based on the theory of averaging over a certain REV (representative elementary volume) )S (Whitaker, 1967) of the turbulent transfer equation in the fluid phase and the transfer equations in the solid phase of a heterogeneous medium (Scherban et al., 1986) . Modeling of heterogeneous (two energy equation) non-Darcian flow for transient operation of a particle bed has not, thus far, been fully investigated. Experimental studies have revealed that at high Peclet numbers, transient operations in packed beds cannot be modeled correctly with a single energy equation for the medium. The turbulent transport statement set was considered here for the case of turbulent flow in a highly porous layer ( Fig. 1 ) combined with a two energy equation model. The transfer equations for each of the phases are used with some simplification, determined by the turbulence order and medium regularness (Travkin and Catton, 1992a) . The REV in the porous layer is defined as the volume contained in a plane rectangular region parallel to the subsurface or a disk whose horizontal dimensions are far greater than characteristic dimensions of obstacles and infinite in one transverse direction. In the vertical direction perpendicular to the subsurface, the REV thickness is considerably smaller than that in the horizontal directions. The structure of selected REV forms is dictated by features of the highly porous layer medium and, specifically, by the length of its scales in different directions. Similar modeling assumptions about the macrovolume orthotropy, in the course of averaging, have been made (Whitaker 1967 , Immich 1980 on the basis of specific features by posing the problems from a physical standpoint. The equations for turbulent boundary transfer in a porous layer under steady-state conditions and with penetration through an interface which were derived by Scherban et al. (1986) and augmented by Travkin and Catton (1992a,b,c) An equation for turbulent flow in a porous layer with regular packed bed structure characteristics for the steady-state case with impermeable interphase surface is simplified to To take the influence of volume drag resistance forces of the porous media on the turbulent fluctuation energy balance into consideration, one must consider the contribution of pulse character drag forces. Assuming that most of the mean motion kinetic energy lost due to interaction of the flow with the porous medium solid obstacles translates into increasing of the turbulent fluctuation energy ( Monin and Yaglom, 1975; Menzhulin, 1970) will bring one to the conclusion that There exist two main approaches to the development of closure models for non-Darcian or turbulent two-phase transport equations in highly porous media. It is implied that these equations are properly derived, yet they are now in doubt. The first approach is to develop an appropriate turbulence model. The second is to treat the numerous integrated and covariant terms in averaged transport equations. To deal with uncertainties in determining and modelling effective coefficients in each phase, more fundamental developments are required. Among the problems that remain beyond the development of quantitative approaches, is, more importantly, the development of a general approach that can account for real differences between the structural and physical properties of each of the porous medium components. In most cases, researchers have not clearly described the simplifying assumptions they used to obtain the averaged equations and transport coefficient models. For example, models for transport coefficients are derived without any real consideration of the medium morphology or the introduction of a different averaging technique. According to a common and well-known approach, the simplest porous medium morphological models are the following A.
Capillary (porous) models: 1. A bundle of parallel tubes , all of the same diameter, d.
2.
A bundle of parallel slits , all of the same width, h, embedded in a solid, including numerous variations of the parallel tube and slit model. B.
Globular morphology models: 1.
A set of one size beads (spheres) uniformly or nonuniformly placed in a fluid --this model is known as the "dusty-gas" model.
A sets of parallel tubes, having definite distributions of diameter and spatial parameters. All of the foregoing morphology simplifications have been exploited for laminar fluid flow (see, for example Kheifets and Neimark, 1982; Dullien, 1992 and other's successive works). Similar models can be used for turbulent flow in porous media and for diffusion models when fluctuations are ignored (these developments see by Shvidler 1986 Shvidler , 1989 for the laminar regime). The natural way to close the integral terms in the transfer equations is to attempt to integrate over the interphase surface, or of some other outlined areas of this surface. The skin friction resistance terms in equation (9) are The pressure drag resistance integral term is closed in a manner similar to that for a one component pressure resistance coefficient over a single obstacle, (10), (11), (18)- (20), the coefficient functions and specific surface functions must be determined by assumed real or invented morphological models of the porous structure. The pressure gradient term in equation (18) is modeled as a constant value in the layer, or simulated by the local value of the right hand side of the experimental correlations. The boundary conditions for these equations are the following
The fundamental distinction between the present resistance model and those exploited before is the second power of velocity in all additive terms and for either laminar or turbulent regimes. The closure model is simple and presents a clear physical problem statement as well as incorporating three additional terms. The velocity power difference can be determined by another initial approach and consequently another initial set of equations along with the natural closure procedures considering a realistic assumption of the morphology structure of porous medium. In section 4, it will be shown that most experimental correlations can be related to the present work. Watanabe (1989) obtained a similar second power result for pressure drop dependence for granular packed beds when he used the drag force law for a single isolated sphere to derive the pressure drop formula for beds. It is an example of an attempt to accurately take into account the assumed morphology of a porous medium while evaluating it's numerical characteristics.
Transport Coefficients for Definite Kinds of Medium Morphology
In recent years, determination of effective transport coefficients has received considerable attention by researchers who are studying the transport of heat (or a conservative solute) through fully-saturated porous media by advection and diffusion. Georgiadis and Catton (1986) showed that the Forchheimer-Brinkman extended model could explain the divergence of the Nusselt versus Rayleigh number data in terms of a new parameter which depends on the porous medium Prandtl number and the ratio d/L. The "effective" thermal conductivity of the medium was identified with its "stagnant" value obtained under no-flow conditions. In view of certain discrepancies between predicted and measured Nusselt number values for the porous Bénard problem, Georgiadis and Catton (1987b) revised the constant conductivity model. They used a single energy equation with an "effective" thermal conductivity expressed as a linear function of the local Pe number
Here it should be noted that linearly combining the second term with the stagnant mix thermal conductivity is an oversimplification of the physics.
In considering a porous medium canonically formed from tubes and slits, we will review some existing theoretical derivations and unify the various points of view and conclusions. One type of porous media will be considered with its various mathematical incarnations for the flat porous layer momentum equation where is drag resistance coefficient in a porous medium. These correlations of drag resistance can be evaluated for packed beds by noting that the last expression is the experimental relationship for pressure drop in packed beds (32) (36) (37) It can be seen that a good approximation for nearly-constant or large-scale nonuniform porosity is given by
where f is taken from experimental correlations. It is easy to see that this approximation for resistance forces is restricted by variability of the morphology functions m(x), S w and others. Ergun's relation in terms of the previous formulae will be where and for spherical particles These parameters are very close to those of the Klenov and Matros (1990) correlation with A ch =36.3 and B ch =0.45 for spherical particles and A ch =37.6 and B ch =0.585 for cylindrical particles. The formula for drag resistance of a spherical particle bed derived from Watanabe (1989) The data for numerically verifying the calculated drag resistance coefficient c dp and combined (approximately) coefficient (c dp + c # d ) for a rough slit morphology model were taken from the paper of Taylor et al. (1985) where d r is the diameter of a single projected roughness element on the pore wall and To evaluate the heat transfer coefficient using various known methods it is helpful to start with the analysis done in the review papers of, for example, Kaguei et al. (1983) . Kokorev et al. (1987) established an interesting correlation between drag coefficient and heat transfer coefficient for turbulent flow in porous medium that contains only one empirical (apparently universal) constant. On the basis of this relationship, a concept of fluctuation speed scale of movement, is used to determine an expression for the heat transfer coefficient
The many heat trancfer expressions given in the Heat Exchanger Design Handbook (1983) are based on the use of a single sphere heat transfer coefficient for the porous medium, as is done here, where for 1 < Re p < 10 5 , 0.6 < Pr < 10 5 , and with the form coefficient for 0.26 < <m> < 1, equals Direct simulation of variable morphology functions for regular spherical beads packing is explained in a paper by Gratton et al. (1993) and Travkin and Catton (1994a) .
Numerical Method of Equation Solution
The governing equations are cast into dimensionless form using the following scales
The scaled 
and
The scaled boundary conditions are Both the scaling and the thermal transfer boundary conditions influence the general model equation structure. The same similarity number appears in the boundary conditions for the second temperature T s * . It is apparent that the main similarity numbers influencing the flow regime solution are the drag resistance similarity number c dm and morphology number A 4 . The value of the mixing length calculated using the porous medium "effective" pore scale was taken
The set of governing equations consists of highly nonlinear second-order ordinary and partial parabolic differential equations. Solutions for the equation set were obtained mainly using finite difference methods described in papers by Travkin (1981 Travkin ( , 1984 Travkin ( , 1985 . The finite difference schemes have incorporated a special local augmentation to deal with both numerical dissipation and diffusion. Solutions of the set of equations are sought using an uneven gridding and discontinuous coefficients. The last implementation is desirable because one can treat the highly variable or random coefficients in the equations. Most of the calculations were performed using 201 nodes across the layer. Comparisons of 200 node calculations with 401 and 501 nodes show local difference to be less then 1-3%. The Nusselt number at the wall is defined and inside of the porous medium
Results and Discussion
The thermophysical properties an air -steel porous media were chosen for numerical simulation with temperature boundary similarity number Q w2 scaled as 1. The regular and random porous structure of spherical packing were introduced by taking the coefficient correlations, while the mathematical statements in Eqs. (10), (11), (18) - (21) were developed with the respect of only regular particle locations. At the present time, there is little reliable data showing the difference between regular and random and (57) (58) (59) regular (periodic) structure of the porous medium granules. For most of the calculated results the differences between the experimental pressure drop for spherical randomly located particles and the present work using experimental drag resistance correlations were less than 1-3% due to the overall bulk character of the experimental correlations. Fig. 2 presents comparisons of some profiles for tube and nonstructured porous medium morphology models. It can be seen that it is inappropriate to use canonical morphology models as simple as regular straight tubes to represent a highly porous media morphology. Fig. 3 shows the profiles of drag resistance coefficient for different porous medium morphology. The difference in an admitted morphology structure resulted in four order change of magnitude of the resistance similarity number c dm and consequently resulted in big differences in the temperature and Nusselt numbers. The Nusselt numbers as well as temperatures of the solid and fluid phases and other characteristics along the channel are seen to depend strictly on the drag resistance, c dm , and morphology, A 4 , functions, (see Figs. 4 and 5) . These figures present the influence of varying the porosity value for periodic spherical packing. Generalization of experimental measurements of the effective thermal conductivity of fluids in a porous medium are given by Aarov et al. (1979) The experiments by Kharitonov et al. (1987) showed that K ex = 0.075±0.009 for water in the range Re ch = 11 -1500. The coefficient of effective thermal conductivity in a fluid, calculated as the coefficient of turbulent eddy thermal conductivity in this work, yielded values within ten to twenty percent without modification of any important constants C 1 nor the value of the mixing length. The initial value of the first was taken from boundary layer theory, whereas the second is the simple "effective" pore diameter in a regular spherical porous medium. There are three theoretical investigations, that are close to the present work mathematical statement for low velocity regime. All are analytical solutions. In the paper of Plakseev and Kharitonov (1988), a 2-temperature model for a porous layer is solved for constant coefficients with an assigned heat flux on one wall, a restricted II-d kind boundary conditions on the other wall, and a constant value of velocity along the layer. In the work of Vafai and Kim (1989) (see also Vafai and Thiyagaraja, 1987) primary interest was paid to an approximate analytical solution of the momentum equation with constant coefficients. The analytical solution for the combined momentum equation of Vafai and Kim (1989) was compared to the mean values of velocity and gave the difference less than 3% for slow regimes.
Solution of the momentum part of the model statement, Eqs. (48) -(50), allows one to obtain an effective thermal conductivity of the fluid. It was incorporated into the weighted value of the effective 1-temperature thermal conductivity of a homogenized medium. In spite of large, and sometimes much larger effective thermal coefficients of conductivity in 1-temperature model, the values of the homogeneous temperature in a 1-temperature model were much smaller for the air-steel porous medium physical characteristics (Fig. 6) . One should not be surprised by this result, because in models of the air-steel pair, analyzed in this work, the parameter is the mean coefficient of heat transfer and the maximum capacity of the solid phase to extract energy to the fluid phase (Plakseev and Kharitonov, 1988) , is much larger than the coefficient of heat transfer from the wall " w . The latter was calculated independently from the numerical results of this work and from the correlations of Kokorev et al. (1987) and Aarov et al. (1979) .The magnitude of " s calculated in the present work for air-steel is " s = 0(10 n ), n=1-2 and it means that almost all heat transfer from the wall is transferred by the solid phase. Also, according to Plakseev and Kharitonov (1988) the ratio r k = K ST (1-m 0 )/k f,e > 10 denotes that most of heat is transmitted to the fluid by means of the heat exchange inside of the porous medium not at its boundaries. Similar result was obtained by Vafai and Sozen (1990) for heat transfer with constant wall temperature in a packed bed formed by the pair Freon-12 -steel particles. The sensitivity of the present model to the morphological characteristics of the porous medium is quite evident while providing the basis for the next numerical experiments. Calculations using the local porosity and specific surface distributions for a regular spherical cubic medium were compared to similar calculations where the only difference is calculation of the overall drag resistance coefficient. Calculations using a c d model that depends on the local porosity distribution function were compared to the results of experimentally determined c d values for a single spherical particle. In the latter model, c d depends on the local particle Reynolds number over a wide range of Reynolds number dependent correlations. When used with the analytical local porosity and specific surface expressions, the model predicted oscillations in the main quantities, such as the drag coefficient and velocity distribution. The single spherical particle drag resistance model displayed both drag coefficient and velocity profile characteristics of beds with constant bulk morphology functions. It appears that while the first model uses the local morphology characteristic variation dependence, the second consists of dependence of the drag resistance only on the bead diameter. More results on variation dependencies of porous medium morphology are given in an article by Gratton et al. (1993) .
The present results were compared with the numerical results of Poulikakos and Renken (1987) for flow and heat transfer with constant coefficients inside of a porous layer. The differences shown in Fig. 7 (where the variant of that by Poulikakos and Renken, 1987 , is demonstrated with dimensionless parameters B= -(h 3 /(D< 2 ))(dp/dx)=10 5 , dimensionless sphere diameter d * =d p /h=0.1, d p =0.005m, m 0 =0.37) are due to the differences of substantiation of the initial equations and particularly because of a rather contrary interpretation of resistance terms, as was shown in section 5 of this work. The mean characteristics of the comparison are relatively close, with differences being better observed in the boundary layer.
Summary
A non-linear model for two-temperature heat and momentum turbulent transport is presented. All the coefficient models used and discussed in this work are strictly for assumed (or admitted) porous medium morphological models based on well described geometry. This approach shows that to model the morphology of a porous media, the coefficients in the equations, as well as the equation's forms itself must be consistent. The integral terms in the equations can be dropped or transformed depending on the porous medium structure, flow and heat transfer regimes. Developed closure approach allows one to obtain exact analytical closure dependencies for simple porous medium morphologies. Numerical analysis made with the help of parameters suggested by Plakseev and Kharitonov (1988) for heat exchange between wall -fluid, solid -fluid phases shows the impact of heat exchange correlations for " s , " w , r k and reveals the combinations of similarity numbers that depict almost total heat removal from the wall by the solid phase for air-steel porous medium while an intense flow regime occurs.
